The nuclear factor kB, a transcription factor regulating the expression of multiple genes including genes essential for cell cycle control, is found in most cells in a dormant state in the cytoplasm bound to the inhibitory family IkB via an ankyrin repeat domain. Stimulation of cells with a variety of inducers inactivates IkB proteins. The active dimeric NF-kB complex, often composed of 50-and 65-kilodalton subunits of the Rel family, translocates into the nucleus, where the NF-kBp65 subunit stimulates transcription. Here we report that a family of proteins containing ankyrin repeats, the inhibitors of Cdk4 (INK4) is able to bind NF-kBp65. The association of p16INK4 with NF-kBp65 is considerable in HeLa-or 293 cells, if the NF-kB inhibitor IkBa is degraded in response to TNFa stimulation. Overexpression of INK4 molecules suppresses the transactivational ability of NFkB signi®cantly. In contrast to INK4 proteins, the cell cycle inhibitor p27 enhances NF-kB transactivation activity. Thus, the eect of INK4 proteins on NF-kB function possibly modi®es NF-kB mediated transcriptional activation of cell cycle associated factors.
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Keywords: NF-kB; ankyrin; INK4 cell cycle inhibitors; p27 NF-kB is involved in growth control (Duyao et al., 1990; Baldwin et al., 1991; Bash et al., 1997) and responds to many T and B cell activating signals (Baeuerle and Baichwal, 1997) . The recent observation of the interaction between NF-kB and cyclin-dependent kinases (Cdks) through CBP (CREB-binding protein) and p300 (Perkins et al., 1997) suggests a mechanism for the coordination of NF-kB transcription activation and cell cycle control. Progression through the cell cycle depends on the activity of speci®c cyclin-Cdk complexes. The regulation of cyclin-Cdk activity is under the control of cyclin-dependent kinase inhibitors (CKIs). Among them are the group of INK4 proteins (p15, p16, p18 and p19), which inhibit the retinoblastoma protein (pRb) kinase activities of Cdk4 and Cdk6 (reviewed in Sherr and Roberts, 1995) . The INK4 proteins induce cell cycle arrest in a cell lineage-speci®c manner by several modes of action, with an individual one (p15INK4) responding to an antiproliferative TGFb signal (reviewed in Peter and Herskowitz, 1994; Sherr and Roberts, 1995) . The ankyrin repeats in the INK4 proteins (Luh et al., 1997) , which represent a known protein-protein interaction motif (Bork, 1993) , are also found to be important in the IkB family of NF-kB inhibitors (Hatada et al., 1992 (Hatada et al., , 1993 Wulczyn et al., 1992, and reviewed in Wulczyn et al., 1996) . Signi®cant amounts of INK4 molecules occur as free molecules in human cell lines (Della Ragione et al., 1996) , thus it is possible that they have other targets than the formally known Cdk4/Cdk6. Suggestions about their cellular role is given by Chan et al. (1995) who showed that p19INK4 interacts with the apoptosis inducing orphan steroid receptor Nur77. Furthermore, the yeast Cdk inhibitor Pho81 associates with the transcription factor Pho4, thereby preventing its ability to activate transcription (Hirst et al., 1994) . These functional and structural implications made it likely that INK4 proteins might be able to target NFkB in order to suppress its activity, thereby adding another possibility to aect NF-kB mediated transcriptional control of cell cycle associated factors.
To investigate whether NF-kB could interact with INK4 proteins, we transfected 293 cells with T7-tagged p65 and c-myc-tagged p16 and performed immunoprecipitations. Overexpressed p16INK4 was coprecipitated with NF-kBp65 using anti-T7 antibody and NF-kBp65 was coprecipitated with p16INK4 using anti-c-myc antibody shown in a Western blot with antibodies speci®c for p16INK4 or NF-kBp65 ( Figure 1 , lanes 2 and 3). Immunoprecipitation of cells transfected with T7-tagged p65 or c-myc-tagged p16 failed to coprecipitate proteins with appropriate molecular mass ( Figure 1 , lanes 1 and 4). Coimmunoprecipitation of p16INK4 with T7-tagged Cdk4 of cdk4/p16 cotransfected cells revealed only a slightly stronger binding of Cdk4 to p16INK4 compared to NF-kBp65/p16INK4 interaction ( Figure 1 , lanes 2 and 3 vs. 5). To study whether the co-immunoprecipitation of INK4 molecules with p65 is based on a direct physical interaction, we performed an overlay assay. The NF-kB molecules p65 and p50, and Cdk4 were blotted on a membrane prior to renaturation and incubation with p16INK4 protein. Physical interaction of p16INK4 was observed with NF-kBp65 and as a positive control with Cdk4, but not with p50 ( Figure 2 , lanes 4 ± 6). The quality of the recombinant molecules used for the overlay assay are shown in a silver stained gel ( Figure 2 , lanes 1 ± 3). These results demonstrate that NF-kBp65 can physically interact with p16INK4.
To induce the association of endogenous NF-kBp65 with INK4 molecules, which is rather weak in HeLa and 293 cells, we stimulated the cells with TNFa. We assumed that the absence of the endogenous NF-kBp65 inhibitor, IkBa, which becomes degraded in response to TNFa would allow interaction with INK4 molecules. Inhibition of NF-kB transcriptional activity by INK4 proteins was determined by cotransfection of expression plasmids encoding INK4 molecules and a H-2K luciferase reporter into HeLa cells. The experiment revealed that INK4 proteins repress the NF-kB transactivation activity to 20 ± 33% ( Figure 4a ). As a control cotransfection with an IkBa expression vector inhibits kB reporter activity slightly more eective than repression by INK4 molecules. In contrast to INK4 proteins, CKI p27, an inhibitor of dierent cyclin-Cdk complexes (reviewed in Sherr and Roberts, 1995) increases the NF-kB transactivation activity (Figure 4a ), which suggests an enhancing function of p27 in NF-kB-dependent transcription as shown for CKI p21 (Perkins et al., 1997) . Cotransfection of p16 and p65 in 293 cells suppresses kBdependent reporter activity (data not shown) suggesting that INK4 proteins aect NF-kBp65 transactivation activity. To test whether INK4 proteins have the capability to interfere with NF-kB activity in TNFa stimulated cells, we cotransfected HeLa cells with the H-2K reporter and empty vector or a plasmid encoding p16 prior to TNFa treatment. This experiment proved that p16INK4 does repress TNFa induced NF-kB activation signi®cantly (Figure 4b ). These data demonstrate the functional control of NF-kB-dependent gene activation exerted by INK4 proteins and p27 with antagonistic consequences.
The ankyrin motif in INK4 proteins, a feature of peptides involved in protein-protein interaction (Bork, 1993) , and the fact that signi®cant amounts of cellular p16INK4 and p18INK4 occur in a free form (Della Ragione et al., 1996) suggest additional roles of INK4 proteins in cell physiology. In this scenario, it was shown that p19INK4 interacts with Nur77 (Chan et al., 1995) and yeast Pho81 (containing high similarity to mammalian p16INK4) interacts with Pho4 (Hirst et al., 1994) , proteins which are totally unrelated to Cdks. Our results indicate that NF-kBp65 could be a target of INK4 proteins, which interact physically with NF- 3 and 4) . Interactions of NF-kBp65 with p16INK4 (lane 2), p16INK4 with NF-kBp65 (lane 3) and Cdk4 with p16INK4 (lane 5) were observed. Transfections were performed using DAC-30 (Eurogentec) as recommended by the supplier. Prior to precipitation, cells were lysed in RIPA buer and SDS ± PAGE separated proteins blotted as described previously (Naumann and Scheidereit, 1994) . Immunodetecion was achieved with antibodies directed against NF-kBp65 (Naumann et al., 1993) (top panel of lanes 1 ± 4), p16INK4 (Santa Cruz, sc-468) (bottom panel of lanes 1 ± 6) and Cdk4 (Santa Cruz sc-260) (top panel of lanes 5 and 6). Molecular weight markers are indicated in kilodalton. The position of proteins are indicated. p65 and cdk4 full length cDNAs were cloned into pcDNA3 (Invitrogen) including a sequence for the T7 tag. p16 cDNA was obtained from J Bartek Figure 2 Speci®c protein-protein interactions of p16INK4. The bacterially expressed NF-kBp50 (lanes 1 and 4), NF-kBp65 (Naumann and Scheidereit, 1994 ) (lanes 2 and 5) and Cdk4GST (Santa Cruz, sc-4070) (lanes 3 and 6) were separated in a SDS ± PAGE (250 ng of each) and either silver stained (lanes 1 ± 3) or blotted on a PVDF-Immobilon membrane (lanes 4 ± 6). The blot was denatured and renatured (Blanard and Rutter, 1992) , and incubated overnight with 6 mg recombinant p16INK4 protein (Pharmingen, 17511T). Immunodetection was performed using an anti-p16INK4 speci®c antibody (Santa Cruz, sc-468) (lanes 4 ± 6). The positions of protein standards (in kD) are indicated lanes 1 ± 4) . Prior to precipitation, cells were lysed in RIPA buer and SDS ± PAGE separated proteins blotted as described previously (Naumann and Scheidereit, 1994) . Immunodetection was achieved with antibodies directed against NF-kBp65 (Biomol, SA-171). IkBa (Santa Cruz, sc-847) or p16INK4 (Santa Cruz, sc-468). Molecular weight markers are indicated in kilodalton. The position of proteins are indicated kBp65 and block its transactivation activity. In contrast to INK4 molecules, the basic transcription factors TFIIB and TATA-binding protein (TBP), the coactivators p300 and CBP as well as the viral encoded factor E1A 13S stimulate NF-kBp65-dependent transcription (Schmitz et al., 1996; Gerritsen et al., 1997; Paal et al., 1997; Perkins et al., 1997) . These molecules directly associate with the C-terminal transactivation domain of NF-kBp65 corresponding to our observation that INK4 proteins interact with NF-kBp65, but do not interact with NF-kBp50 (Figure 2) .
INK4 proteins have the capability to eciently bind NF-kBp65 in TNFa treated cells (Figure 3) once the NF-kB inhibitor IkBa is released from NF-kB. Moreover, the suppression of NF-kB transcriptional activity in INK4 transfected HeLa cells indicates that the INK4 proteins could functionally inhibit NF-kBdependent gene activation (Figure 4a and b) . As a prerequisite for ecient interaction of endogenous INK4 molecules with NF-kBp65 the cells have to respond to mitogen stimulation (meaning NF-kB inhibitor degradation) and must display unbound INK4 molecules. Transformed cells as well as normal cells could have high abundance of INK4 molecules (Della Ragione et al., 1996) suggesting that in such cells mitogen induced NF-kB activation could be aected by INK4 molecules.
Interestingly, the viral oncoprotein Tax of the T-cell leukemia virus type 1 (HTLV1) directly targets the ankyrin motifs in IkB molecules (reviewed in Mosialos, 1997) and p16INK4 (Suzuki et al., 1996; Low et al., 1997) suggesting that inactivation of these molecules is a very ecient mechanism to deregulate transcription and cell cycle control. In contrast to INK4 proteins, p27- (Figure 4a ) and p21-CKIs (Perkins et al., 1997) , which inhibit the activity of cyclin-Cdk complexes and presumably in¯uence the interplay of the transcriptional coactivators p300 and CBP, and CDKs, enhances the transcriptional activity of NF-kB. In future it will be interesting to identify NF-kB-regulated genes aected by the activity of INK4 proteins and other CKI molecules.
Overall, our results indicate a mechanism of how the INK4 inhibitors could exert their role as preventers of NF-kB-dependent gene activation. Herein, INK4 molecules as well as CKIs p27 and p21 could serve as important eectors that coordinate cell cycle control by regulating NF-kB-dependent transcription. NF-kB transcription factors have been implicated in oncogenesis (reviewed in Luque and , likewise frequent genetic alterations and functional inhibition of p16 in human tumors (Kamb et al., 1994; Lukas et al., 1995) and especially in pancreatic tumors (Caldas et al., 1994; Naumann et al., 1996) have suggested that its inactivation can contribute to the development of human tumors. Thus, our analyses provide further support for the notion that INK4 molecules could act on other targets than the formally known Cdk4/Cdk6. Figure 4 Repression of NF-kB transactivational activity by INK4 cell cycle inhibitors. (a) HeLa cells were cotransfected wtih 1 mg of a reporter plasmid (pGL2, Promega) containing 3-tandem enhancer elements of the H-2K DNA binding site followed by the luciferase gene and cDNAs encoding INK4 proteins, IkBa or p27. Cotransfected cDNA constructs were titrated and cDNA amounts with maximal activity used in the experiments. All cDNAs of the indicated genes represent expression constructs cloned in the pcDNA3 vector (Invitrogen). Transfections were performed using TFX-50 (Promega) as recommended by the supplier and the empty plasmid was included in each experiment in that way that always a total of 1 mg of pcDNA3 expression plasmid was transfected. The results of a representative experiment are expressed as per cent activation compared to the luciferase activity observed with transfection of the reporter vector and the empty pcDNA3 vector. Similar results were obtained in more than three independent experiments. Compared to the control the cotransfected INK4 inhibitors dramatically reduce the transactivational activity of the kB driven reporter, cotransfected IkBa almost totally inhibits NF-kB activity, whereas p27 enhances NF-kB transcriptional activity. (b) HeLa cells were cotransfected under identical conditions as described in (a), but treated with 10 ng/ml TNFa. The results of a representative experiment are expressed as fold induction compared to the activity observed with transfection of the reporter and empty vector. Similar results were obtained in more than three independent experiments. Cotransfection of p16 reduces TNFa-induced activation of kB reporter activity
